We consider the problems of ray tracing faced when calculating the parameters electromagnetic field in ray approximation. The Shooting and Bouncing Rays (SBR) model is characterized briefly and the disadvantages of its software implementations are specified. The alternative model for ray tracing at flat obstructions is presented using the analytical solutions obtained by means of analytic geometry. The introduced model allows us to avoid the redundant computations that the SBR method requires and, therefore, we can reduce time needed for the tracing tasks solution. The new algorithms for ray tracing after reflection and diffraction are stated and the possibility of their software support studied.
Introduction
In a number of applications of radio engineering, the electromagnetic field parameters are to be automatically evaluated independently from the specified source with certain characteristics and in the specified propagation conditions (in buildings and/or between them, in urban and/or in rough terrain). This task is the actual one in the fields of the radio communications systems designing and networks designing, in radio monitoring, etc. For its solution the asymptotic approaches, geometrical optics and diffraction theory methods are the very perspective ones [1, 2] . But, the line of software products implementing the above mentioned methods is very limited. For example, software products listed in paper [3] appear to have a number of disadvantages. Operational experience with these programs shows that the Shooting and Bouncing Ray (SBR) tracing model [4] that they apply produces rude errors while determining the reflected rays paths. Tracing is a paths search process satisfying the postulates of geometrical optics [1] and connecting the radiation point with the receiving point at the specified obstruction arrangement. To achieve this goal, SBR provides construction of the rays set from the transmitting antenna with the specified angular pitch. Each of the rays is traced to reveal its reflections, diffractions and passing through obstructions. Among all of the sets of the synthesized paths those which pass closest to the receiving antenna placing point are selected. It is obvious that decreasing in the angular pitch increases the computational accuracy but is also time and memory consuming in terms of the calculated data storage needed. Thus, the objective of this study is to propose certain other techniques for the tracing task solution.
The Analytical Solutions Method
The task of the ray tracing can be approached to not only in terms of the ray path discretization in accordance with the SBR method but also in terms of the analytical solution technique. Some tracing algorithms are described in [3, 5, 6] , illustrating implementation of the analytical solutions for solving particular tasks concerning radio-wave propagation. But these results do not allow us to develop a full tracing model. Besides, a number of the tasks referring to the radio-wave propagation ( Fig. 1 ) have no convenient analytical solutions, as it is the case with the ray tracing after diffraction, for example. Our further researches lead to obtaining the algorithms for the search of ray reflection and diffraction points and to introduction of the formulas for the calculation of the specified points coordinates. As geometric bodies (including the rounded ones) are described by flat surfaces in computer graphics, we are limited to the study of tracing at the flat obstructions.
The Reflected Ray Tracing
Let us consider the algorithm for calculating the coordinates of the reflection points that is illustrated in Fig. 2 . The initial data to this task include the coordinates of transmitting Tx and receiving Rx antennas and the geometrical surface parameters. As it is well known, the arbitrary plane is uniquely defined by any of the three pairwise disalignmented points T1, T2 and T3 lying on it. Other convenient description is through the use of the plane equation.
Where the coefficients A, B, C, D are easy calculated with the help of the coordinates of the T1, T2, T3 points [7] , with the obtained result sufficiently normalized in the following way:
In Eq. (2)
is the unit normal vector to the considered plane, d is the distance from the plane to the coordinate origin (with a positive or negative sign depending on a plane arrangement).
In case of the surface having a finite size, the limiting segments are set by the two points -i T1 and i T 2 . For each segment the straight-line equation can be written down as [7] :
is the directing vector of the straight line.
The vector i a should also be normalized by means of the formula (2) . In this case the straight-line equation can be conveniently presented as the system 
To determine any straight line, two equations from the system (3) are sufficient but for the algorithm to be introduced all the three equations should be used. As a result, the algorithm takes the following form.
1. The position of the Rx' point mirroring the Rx point relative to the reflecting surface can be obtained, according to [6] , by means of the expression 
2. The components of the normalized vector of the reflected ray propagation are determined as the difference of positions of the Rx' and Tx points referred to the distance between these points: The algorithm should be terminated by verifying the existence of the calculated path. For this purpose, the algorithms of computational geometry can be used. One of such algorithms is applied in the modified SBR method [4] . Besides, before the calculation of the coordinates, it would be appropriate to verify whether the Tx and Rx points lie on the same plane relative to the reflection surface, as it is the ultimate requirement for the existence of reflection. The specified condition is mathematically written down as ( )( ) 0
The Ray Tracing after Diffraction
It should be noted that there exist three type of diffraction [1] : a) knife-edge diffraction (see 3 in Fig.  1 ), b) convex surface diffraction and c) edge diffraction (see 2 in Fig. 1 ). In the case of knife-edge diffraction, the spherical wave is produced and therefore the trace task allows an elementary solution -you can choose any path. The case of convex surface diffraction is not considered here, since it does not satisfy the restrictions specified above. As for the case of edge diffraction, we consider it in detail. The ray incident on the edge generates the set (bundle) of rays, each of which lies on a cone. The cone axis coincides with the edge, while the top is in the incidence point and the apex angle is equal to the corner between the incident ray and the diffraction edge (α = β, see Fig. 3 ). The last rule can be referred to as a generalization of the Snell's first law for reflection. It remains true even if the edges are curvilinear. It is easy to see that the ray producing the diffraction beam lies on the opposite half of the same cone. Therefore, its geometrical properties can be used for tracing.
The diffraction rays tracing method is in fact the search of the cone satisfying the positions of transmitter, receiver and edge. Thus, the TxDTx* and RxDRx* triangles, where Tx* and Rx* are projections of Tx and Rx points on the diffraction edge, are similar. Due to this, the tracing algorithm is reduced to following operations. (5) and (6):
The positions of Tx* and Rx* points are calculated as the points where auxiliary planes and diffraction edge cross, similarly to calculation of the R point for the tracing algorithm of the reflected rays. The obtained formulas (7) and (8) 
Where T1 ) , , (
is the arbitrary point at the edge. 2. Distance determining. The distances between Tx and Tx* points, and between Rx and Rx* points as well, are easily calculated based on their coordinates: In geometrical interpretation, Tx r is the radius of the circle of the diffraction cone section formed by the plane normal to the cone axis, and Rx r is the radius of the circle of the similar cone surface section symmetrically mirroring the diffraction one.
3. Determining the position of the diffraction point (D). According to the diffraction theory, the distances from D to Tx* and to Rx* correlate the same way as the Tx r and Rx r radiuses, since only then Tx and Rx lie on the same cone: While carrying out tracing of both reflected and diffraction rays in more complex models including several various obstructions, it is necessary to take into account the possibility of the found ray paths crossing these specified obstructions. In that case, the obtained solution should be considered as nonexistent. For the solution of this task, we can apply the algorithms described in [3] . The calculation of the field propagating along the certain paths is made by means of the formulas referring to the reflection, presented in [2] , and to the diffraction, presented in [2, 5] .
Conclusion
Thus, the introduced algorithms allow us to provide geometric optics and diffraction theory with the solutions for the tasks of tracing of the reflected rays and the rays after the first diffraction. They form the approaches and techniques alternative to the SBR method used in modern computer-aided design systems. Their development and implementation makes it possible to reduce the necessary storage capacity, to increase speed of calculations and to avoid a number of errors we face when applying the SBR method.
